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Abstract 
The application of Laser cladding technology is nowadays widely extended in the industrial environment due to its advantages 
for high added value parts manufacturing and repairing. At the moment, the process is applied to 3 axis or 3+2 axis strategies, 
being numerous works focused on the obtainment of process parameters. The industrial development imposes the use of five 
continuous axis kinematics to perform complex parts that require new tuning methodology processes for this type of machines. 
The presented work develops a method for the study of 5 continuous axis laser cladding optimal parameters. Firstly, the design 
of the part for the experimental tests is carried out, taking into account the movements of the machine kinematics. Afterwards, 
both, the process control parameters and the tool path strategies are studied. Besides, the optimization methodology of process 
conditions is also presented. The work explains the steps to be followed for the tuning process before its industrial application. 
© 2013 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of Universidad de Zaragoza, Dpto Ing Diseño y Fabricacion. 
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1. Introduction 
The industrial sector is continuously demanding new innovative and sustainable processes in order to reduce 
production costs. Laser technology was born as a solution for industries devoted to high added value parts whose 
efforts are being directed to the introduction of this technology into their production chains. Laser deposited 
material is one of the most outstanding processes in this group. The process is based on the use of high density 
energy provided by the laser in order to locally melt a certain material. Extra material, the same base material or 
* Corresponding author. Tel.: +34 946017433 
E-mail address: ivan.tabernero@ehu.es 
   t rs. lis   ls i r t . Open access under CC BY-NC-ND license.
Selection and peer-review under responsibility of Universidad de Zaragoza, Dpto Ing Diseño y Fabricacion
46   I. Tabernero et al. /  Procedia Engineering  63 ( 2013 )  45 – 52 
one presenting different properties, is added to the produced melted pool. This way, high quality clads whose 
overlapping produces layers that could be used to reinforce certain part areas requiring special properties are 
generated. Besides, these deposited layers could be combined in order to repair worn components, or, even for 
direct manufacturing using the so called layer by layer method. Therefore, the most common applications are based 
in coating, repairing and direct manufacturing of high added value parts from different sectors such as the forming 
sector (Jeng and Li 2001) and the aeronautic sector (Sexton et al. 2002). 
Independently of the application sector, laser deposition processes require the use of optimal parameters in order 
to be able to reach the required quality and mechanical properties (Tabernero et al. 2011). This step is 
experimentally carried out for the different materials such as stainless steels (Pinkerton et al. 2004), tool steels 
(Navas et al. 2005), and nickel (Richter et al. 2004) and titanium (Kong et al. 2010) based super alloys. Up to date, 
although there are numerous studies based on the obtaining of process parameters for 3 or 3+2 axis applications (Li 
and Hwang 1999) (Emamian et al. 2010) (Sun and Mao 2012), the increasing complexity of new demanding parts 
requires the study to be extended to the case of 5 axis laser cladding. The adjustment of this kind of kinematics 
represents a great challenge. On one hand, it is necessary to use CAD/CAM systems to be able to program the 
required movements, but, these softwares are nowadays mainly focued on machining processes, and there is no 
specific software for laser deposition applications. On the other hand, the number of influence parameters taking 
place in the process increase, not being a defined methodology for the study and optimization of 5 axis laser 
cladding processes.  
Consequently, this paper presents a methodology to be followed during the tuning course of 5 axis material 
deposition process. First of all, the studied test part geometry which will determine the influence of the axes 
movements is presented. Afterwards, a weighted optimization criterion is established for the optimization 
parameters obtaining, regarding a proposed process window. Finally, the appropriate standoff value between layers 
is also studied for a posterior application of all the obtained parameters in a 5 axis real part laser cladding coating.  
2. Equipment 
The different tests were carried out in a 5 axis laser processing machine Kondia Aktinos-500 (Fig. 1a and 1b) 
equipped with a fiber laser Rofin FL010 with 1 kW maximum peak power. The material in injected through a 
discrete coaxial nozzle DCN/EHU-4 (Fig. 1a), designed and manufactured in the Mechanical Department of The 
University of the Basque Country (UPV/EHU). The nozzle is connected to a Sulzer Metco Twin-10C powder 
feeder in charge of input material supplying. In this case, the substrate material is a structural steel AISI 1045, 
whereas a stainless steel AISI 316L whose particle size is +45 -150 μm has been used for the deposited material. 
The chemical composition of both, substrate and deposited material, are shown in Table 1. Secondly, both, the 
carrier and protection gas are high purity Argon (99,999%) with a volumetric flow of 13 and 5.5 l/min, 
respectively. 
 
 
 
Fig. 1. (a) Kondia Aktinos-500; (b) Machine detail; (c) Coaxial nozzle DCN/EHU-4. 
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    Table 1. Chemical composition of AISI 316L and AISI 1045 
 C Cr Fe Mn Mo Ni P Si S 
AISI 316L 0.03 17.0 Bal. 2.0 2.50 12.0 0.045 1.0 0.03 
AISI 1045 0.43-0.5 - Bal. 0.6-0.9 - - < 0.04 0.15-0.30 <0.05 
 
3. Experimental procedure 
The optimization test piece geometry is based on a semi-sphere that has been turned out of an AISI 1045 bar. 
The strategies developed for this geometry require the B axis to rotate from 0 to 90º (Fig. 2a) according to the laser 
requirement of constant perpendicularity between the laser and the surface. In addition, in order to introduce a 
rotary movement in the C axis too, a slightly inclination of 5º in relation to the sphere generatrix has been given to 
the clad deposition strategies. Thereby there is a clad every 13º up to an amount of 27 clads (Fig. 2b). 
 
 
 
 
 
 
 
 
Fig. 2. (a) B axis movements scheme; (b) Clads deposition strategies top view. 
 
First of all, optimal values of power, feed and mass flow are selected for the test geometry, need to be selected. 
For that purpose, the different values vary according to the process window shown in Table 2. Once the tests are 
carried out, the clad geometry is measured with a LEICA DMC 3D optical profilometer. Both, the height and 
width of the clad are measured in three different sections of the clad, and, these measurements determine the 
geometrical parameters of the clad. 
   Table 2. Test process window. 
Protection gas flow 12.5 l/min (5bar) 
Carrier gas flow 5.5 l/min (1bar) 
Power 200-400-600 W 
Feed Rate 200-300-400 mm/min 
Powder mass flow 6.9-7.8-9.4 g/min 
 
In this case, in order to determine the optimal parameters, a weighted criterion based on the obtained results is 
used. Four different factors were considered for the optimization weighted value calculation (WV). Firstly, the 
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deposition rate (DR), considered as an indicative of the process productivity, is calculated multiplying the 
midsection of the clad by the process feed. After that, the clad height ( h) and width ( w) deviations are taken into 
account in relation to the measured average. Last, the optimization criterion also studies the wetting angle ( ), that 
represents the measured angle between the substrate and the clad base, and indicates the possibility of having a 
quality clad overlapping. All the values considered are weighted to the unit in order to be able to introduce them 
into the evaluation criterion equation (Ec. 1). 
(1)
 
In relation to the wetting angle, it is calculated in accordance with Ec. 2, considering the height (h) and width 
(w) measured average values. Values included in the range 0º-80º are only considered for the wetting angle vale 
weighing, because, out of this range, the overlapping is consider to be defective. Afterwards, 40º is established as 
the wetting angle optimal value (reference) and a weighted unit value is assigned to this angle. The rest of the vales 
take values linearly up to reach the limits where the weighted values are 0. 
         (2) 
 
Once the weighted values have been obtained, the optimization weighted value (WV) is obtained (Ec. 3). In this 
equation more importance is given to the deposition rate whose weight is established to 0.7. On the other hand, the 
wetting angle takes part in the equation with a 0.3 of importance. Finally, the height and width variation is 
considered as a negative influence, this way, they appear as a reducing factor of the optimization weighted value. 
In this case, 0.2 and 0.1 has been assigned to each one respectively. The width variation is considered to have less 
influence than the height one because it could be solved to a great extent with the clads overlapping, whereas the 
height deviation could easily cause defective depositions.  
(3) 
Thereby, the weighted optimization values determine the five best parameter conditions used in posterior 
standoff tests. These tests, determine the optimal standoff distance the nozzle needs to rise between the different 
layers as to avoid great high deviations. For that purpose, the five best results are chosen and combined with the 
following stand-off vales 0.2-0.4-0.6-0.8 mm. Once the stand-off test in carried out, the clads high is measured in 
five different sections and the difference between the stand-off Z nozzle value and the real high increase is 
established. So, the power, feed, powder flow and stand-off values with best results are chosen for optimal 
parameters. Finally, the optimized parameters are applied for a semi-sphere coating of a real process application.  
4. Results 
Test part after parameter optimization test is shown in Fig. 3a. It is also shown an example of clad 
measurements carried out by the optical profilometer. Moreover, in Fig. 3b the stand-off optimization test part is 
shown. It can be observed how the first parameter optimization step improves clad quality and aspect for the 
second step of process parameter establishment.  
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Fig. 3. (a) Test part and example of clad measurement for parameter optimization step. (b) Test part and example of clad measurement for 
stand-off optimization step. 
Table 3 shows scaled and weighted values for each optimization test. Therefore, it is possible to directly 
compare the test results in order to choose the five best process parameters for the selected criterion. These set of 
parameters are used in the second step of optimization process for the stand-off election.  
Table 3. Results of the first step for process parameters optimization.(Continuing) 
Power 
(W) 
Feed Rate
(mm/min)
Mass Flow 
(g/min) 
Deposition 
Rate 
(mm3/min)
Wetting
Angle 
( ° ) 
Height 
Deviation
(mm) 
Width 
Deviation
(mm) 
Weighted 
Value 
P Vf       
200 200 6.9 0.353 0.83 0.161 0.272 0.484 
200 300 6.9 0.258 0.602 0.44 0.381 0.269 
200 400 6.9 0.219 0.49 0.209 0.247 0.261 
400 200 6.9 0.463 0.524 0.303 0.316 0.395 
400 300 6.9 0.375 0.419 0.502 0.403 0.252 
400 400 6.9 0.151 0.174 0.329 0.318 0.062 
600 200 6.9 0.078 0.13 0.313 0.28 0.008 
600 300 6.9 0.489 0.388 0.231 0.196 0.383 
600 400 6.9 0.448 0.345 0.164 0.272 0.347 
200 200 7.8 0.485 0.905 0.257 0.385 0.563 
200 300 7.8 0.459 0.781 0.217 0.173 0.527 
200 400 7.8 0.365 0.748 0.364 0.163 0.429 
400 200 7.8 0.618 0.621 0.542 0.539 0.457 
400 300 7.8 0.519 0.504 0.202 0.211 0.451 
400 400 7.8 0.488 0.598 0.199 0.205 0.472 
600 200 7.8 0.816 0.499 0.118 0.155 0.650 
600 300 7.8 0.718 0.443 0.236 0.201 0.541 
600 400 7.8 0.701 0.424 0.385 0.166 0.497 
200 200 9.4 1.117 0.963 0.125 0.436 0.987 
200 300 9.4 0.52 0.85 0.172 0.248 0.593 
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Table 3. Results of the first step for process parameters optimization.(Continued) 
Power 
(W) 
Feed Rate
(mm/min)
Mass Flow 
(g/min) 
Deposition 
Rate 
(mm3/min)
Wetting
Angle 
( ° ) 
Height 
Deviation
(mm) 
Width 
Deviation
(mm) 
Weighted 
Value 
P Vf       
 
200 400 9.4 0.498 0.736 0.22 0.28 0.521 
400 200 9.4 1.022 0.698 0.148 0.406 0.822 
400 300 9.4 0.216 0.292 0.297 0.325 0.155 
400 400 9.4 0.111 0.218 0.488 0.186 0.037 
600 200 9.4 0.138 0.148 0.251 0.308 0.061 
600 300 9.4 0.194 0.227 0.627 0.48 0.034 
600 400 9.4 0.201 0.243 0.611 0.475 0.048 
 
Once the optimum parameters are obtained using the selected criterion, the next step is to minimize the 
deviation between the clad growth and the distance the cladding head needs to rise for each layer. Table 4 shows 
the results of stand-off tests. As it can be observed, the minimum deviation error obtained in this case is 10% for 
0.4mm stand-off value. Therefore, once the optimization methodology has been applied, the optimum parameters 
can be established to be: 400W power, 200 mm/min feed rate, 9.4 g/min mass flow and 0.4mm stand-off. 
Table 4. Results of the second step for process parameters optimization. 
z 
(mm) 
Power
(W) 
Feed Rate 
 (mm/min) 
Mass Flow
 (g/min) 
Height Deviation (%) 
h1 h2 h3 h4 h5  
0.2 200 200 9.4 54.24 90.14 86.36 131.01 116.18 95.58 
0.4 200 200 9.4 15.03 12.38 13.42 5.67 76.77 24.65 
0.6 200 200 9.4 58.13 55.65 49.81 42.12 42.38 49.62 
0.8 200 200 9.4 73.70 70.56 66.85 64.48 60.82 67.28 
0.2 400 200 9.4 109.15 105.04 129.82 123.87 138.30 121.24 
0.4 400 200 9.4 16.32 15.38 9.96 7.06 3.62 10.47 
0.6 400 200 9.4 54.84 53.72 51.53 45.37 35.40 48.17 
0.8 400 200 9.4 73.32 72.53 68.43 66.48 63.44 68.84 
0.2 600 300 7.8 48.32 54.00 62.58 74.15 81.25 64.06 
0.4 600 300 7.8 32.76 31.54 20.33 16.61 19.58 24.16 
0.6 600 300 7.8 55.45 57.11 56.78 56.69 52.79 55.76 
0.8 600 300 7.8 72.55 73.54 68.86 67.59 63.18 69.14 
0.2 200 300 9.4 17.67 47.41 41.73 73.23 68.92 49.79 
0.4 200 300 9.4 63.00 47.32 42.22 43.92 32.76 45.84 
0.6 200 300 9.4 76.62 72.84 71.98 67.33 66.22 71.00 
0.8 200 300 9.4 87.80 85.33 79.86 80.18 77.26 82.09 
0.2 200 200 7.8 47.60 51.24 95.10 99.34 126.06 83.87 
0.4 200 200 7.8 32.46 32.43 10.16 0.00 6.22 16.25 
0.6 200 200 7.8 68.88 64.43 63.62 57.88 53.38 61.64 
0.8 200 200 7.8 79.94 81.70 77.70 79.87 74.28 78.70 
 
Finally, optimized parameters are used for semi-sphere coating in order to show a real application of the 
presented methodology. Therefore, the diameter of sphere used for the optimization tests is reduced and three 
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layers are deposited using a hatching strategy. This strategy is based on crossed deposited layers combining zig-
zag strategies for different angular values. So, the coating is composed by a vertical zig-zag first layer (Fig. 4a), a 
45 degree zig-zag intermediate layer (Fig. 4b) and a horizontal zig-zag final layer (Fig. 4c). 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. (a) Vertical Zig-Zag ; (b) 45° Zig-Zag; (c) Horizontal Zig-Zag. 
Fig. 5 shows the steps to be followed for the real part coating. Firstly, in Fig. 5a the initial geometry with 
reduced diameter can be observed. Fig. 5b shows the deposited part with extra material in order to make it easier 
finishing machining. Finally, in Fig. 5c the finished part where it can be clearly observed the difference between 
coated and initial surfaces is shown. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. (a) Initial Part; (b) Coated Part.; (c) Finished Part. 
5. Conclusions 
Laser cladding process is more and more extended in sectors focused on high added value parts manufacturing. 
These sectors ask for high complexity geometries which make necessary use of 5 axis kinematics in order to 
accomplish the process. A wide knowledge has been developed for 3 axis laser cladding but it is not possible to 
extrapolate it to a multi-axis process. This work presents an innovative methodology applicable to the obtainment 
of optimum parameters in 5 axis laser cladding. Firstly, the geometry where experimental tests are carried out is 
established.  Two types of tests are accomplished, on one hand, tests for optimum laser parameters obtaining, and, 
on the other hand, tests for adjusting deposition head stand-off values between layers. It has also been developed a 
weighted criterion which takes into account the different influence of most of the important aspects related to clad 
quality. This criterion allows to objectively choose the optimum parameters for the process. Finally, the detailed 
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methodology is applied for a part coating using the optimum parameters in order to demonstrate its validity in a 
real application. 
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